Aim: To directly determine the mass of dye retained in teeth following exposure to aqueous solutions of Rhodamine B and to correlate tooth color modifications.
INTRODUCTION
Tooth whitening is a noninvasive and highly effective method to whiten discolored teeth. It is a treatment option to enhance the esthetics of teeth that has been practiced in dentistry for over 100 years. Thus, the safety and efficacy of this procedure has been well established. 1 However, the basic mechanism of tooth whitening with hydrogen peroxide as the main active ingredient has not been fully explained. Two main theories have been proposed which may both contribute to an increase in lightness and decrease in chroma in the yellow-blue axis observed after tooth whitening. The chromophore theory suggests that whitening works by oxidation of polymeric organic substances. Oxygen and hydroxyl radicals released from hydrogen peroxide are attracted to the complex ring structure with conjugated double bonds that exhibit electron-rich areas. Saturation or cleavage into more simple chain structures may lead to removal of the stain molecule or result in alteration the reflective index of the tooth, so that it appears lighter. 2 The optical theory states that peroxides cause slight morphologic alterations in the enamel thus reducing its translucency by scattering light near the tooth surface. The increased opaqueness due to scattering masks the darker subjacent dentin layer affecting tooth color. [3] [4] [5] In order to validate theories pertaining to whitening mechanism, there is a need for a model to evaluate stain penetration and stain retention in the tooth. Therefore the purpose of this study was to develop a model to determine the amount of dye retained in teeth following prolonged exposure to stain molecules and correlate stain retention to tooth color changes. The null hypothesis to be tested was that by using solution density and optical absorption spectrums it will be possible to calculate the mass of dye retained in extracted third molars after artificial chromophore infiltration.
MATERIALS AND METHODS

Sample Selection and Preparation
Sound extracted human third molars (25) were collected prior to the study and stored in 0.1% thymol solution at 4°C. All teeth were cleaned and observed for the absence of developmental anomalies, caries, existing restorations and deep crack lines. The roots were sectioned at the cementoenamel junction and remaining pulp tissue removed at the coronal section.
Tooth Color Measurements
Teeth were measured for chromatic properties at the middle third of the buccal surface using an intraoral spectrophotometer (Vita Easyshade Compact, Vita Zahnfabrik, Bad Säckingen, Germany). Measurements were performed at baseline (T 1 ), after chromophore infiltration (T 2 ), and after rinsing (T 3 ) in a color controlled illumination box (MM 4e GTI Mini Matcher, GTI Graphic Technology, Inc, Newburgh, NY, USA) at CIE D 65 , a color temperature of 6500K and light intensity of ≈1200 lux.
Chromophore Infiltration and Measurement of Dye Retention
The chromophore infiltration and rinsing process is illustrated in Figure 1 . Specimens were subjected to staining for 4 hours in a Rhodamine B solution (1.50 × 10 -3 g/ml), which leaves a bright pink hue ( Fig. 2 ). On completion of color measurement after chromophore infiltration (T 2 ) each specimen was subsequently rinsed in 5 ml of deionized water for 8 hours to allow stain molecules in the tooth structure to diffuse into the water. The solutions used for staining were measured before and after staining with a laboratory spectrophotometer (Cary 300, Agilent, USA), and a standard curve was used to calculate the concentration of dye in the solutions (pre-and post-stain as well as the rinse solutions) from each tooth (Figs 3 and Graph 1). Specimens received a second rinse in 5 ml of water for 8 hours and a spectrum taken of the second rinse solution. After the second water rinse, specimens were measured for CIELAB chromatic properties using the intraoral spectrophotometer (T 3 ).
RESULTS
Tooth Color Measurement
The first set of data used a Rhodamine B concentration, which stained the teeth beyond the range that the intraoral spectrophotometer would measure (see Figure 2 for representative photos of teeth at T 1 , T 2 and T 3 ). As a result a smaller set with a lower Rhodamine B concentration was obtained and color change data summarized in Table 1 .
The overall reduction in lightness (ΔL) is due to the enhanced absorption of the Rhodamine B dye. The slight change in chroma (ΔC) is not particularly significant (note 70% error), but the change in hue (Δh) is quite significant (note only 4% error in values). Similarly we do not see a particularly significant change in the blue/yellow color balance (Δb), while there was a significant change in the red/green color balance (Δa). These changes are easily explained by the large absorption peak of Rhodamine B at 550 nm, and significant absorption from 490 through 580 nm (Graph 1 inset). Since green is from about 520 to 550 nm while red is 600 to 700 nm, it is quite clear that the value of (a) should have a significant positive shift. Also since blue is from about 450 to 500 nm while yellow is from about 550 to 600 nm and also the strongest absorption is from 530 to 570 nm, it is understandable that there would be a slight negative shift in (b).
From the intermediate spectrophotometer readings at T 2 a few additional insights were obtained. First, it was clear that teeth had more Rhodamine B dye immediately following staining, and thus all the color changes were exaggerated. However, it appears that there was about a 50% rebound after rinsing for the (L), (h) and (a) parameters while there was JcDP a 70% rebound in the (C) and (b). Again the stronger effect in the red/green balance is to be expected. We also observed a larger error from T 2 to T 3 . This error likely indicates that there was a large spread in the dye retention from tooth to tooth at T 2 perhaps due to natural variations, such as porosity.
Measurement of Dye Retention
The retained dye in a given tooth can be measured by taking the difference between an optical spectrum of the staining solution prior to staining and another spectrum after staining. Then by using a standard absorption curve (see Graph 1), the concentration of dye in each rinse solution together with the known volume of the solution can be used to calculate the total amount of dye in the solution. The spectrums used to calculate the retained dye are shown in Graph 2. As can be seen in the plots, the pre-and poststain spectrums plotted against the left axis are very similar, but the poststain spectrum has a measurably lower absorbance. The difference between the pre-and poststain solutions is plotted against the right axis along with the standard deviation of the poststain spectrums. The poststain spectra were averaged and then subtracted from the prestain solution to obtain the pre-/poststain difference shown in the graph. The standard deviation of the prestain solutions was negligible and is not shown since the error in the calculations is dominated by the standard deviation of the poststain solutions. As can be seen from the plots, the error (poststain solution standard deviation) in measuring the solutions is about half of the difference measured between the pre-and poststain solutions. While this error is high, there are straightforward methods for reduction of the errors in future experiments, and in the current analysis, the error may be magnified somewhat by the fact that the difference (blue dashed line in Graph 2) actually appears to be somewhat higher to the right of the peak at 553 nm (indicated by the solid vertical black line).
With the foregoing analysis and calculations, we were able to measure the absorbance of the pre-and poststain solutions at the 553 nm peak (indicated by vertical line in Graph 2) and, using the standard curve (see Graph 1), to calculate retention of stain molecules in the teeth to be 54 ± 26 µg of rhodamine B per gram of tooth. While previous studies used common comestible stain solutions, our study was based on Rhodamine B, which is a water-soluble molecule with a molar mass of 479 g/mol. The main advantage of Rhodamine B is its simple spectral signature enabling a robust spectral analysis. A confocal laser microscopy study showed that Rhodamine B when applied to the external surface of the tooth readily penetrated into the pulp via the interprismatic spaces in the enamel and dentinal tubules in the dentin supporting the validity of the use of Rhodamine B in our chromophore infiltration model.
DISCUSSION
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While the initial findings of this model show that dye retention in the teeth can be directly measured, the large standard deviation in retention spectra restricts the conclusions that can be drawn. However, it will be straightforward to reduce the errors associated with this method which come mainly from the fact that the amount of dye measured is small with respect to the stain solution volume used. To get smaller deviations, one must simply decrease the stain solution volume relative to the tooth volume. This reduction in stain solution volume may make it necessary to account for the porous volume in the teeth, but preliminary tests have been performed to show the porous volume can be easily measured to better than 10% of its actual value.
Based on the results of this study our null hypothesis was accepted. The use of solution density and optical absorption spectrums enabled the calculation of dye mass in extracted third molars after artificial chromophore infiltration. The ability to identify the mass of dye retained in the tooth provides standardized baseline parameters prior to tooth whitening. Tooth whitening efficacy can be directly measured by the change in mass of dye after the whitening procedure. This model may also be applied to different dye Graph 2: Absorbance spectrums for the rhodamine B solutions before and after staining the coronal sections
